We develop a technique for optimizing the phase of broad spectrally-separated frequency sidebands. Coarse phase adjustment is combined with fine-tuning of the spectral phases to overcome the limited temporal shaping window of the pulse shaper.
The molecular modulation technique has potential for synthesizing optical pulses as short as a fraction of a fs. This Raman technique, as originally proposed for molecular gases, shows promise for highly efficient production of such ultrashort pulses in the near-visible spectral region, where such pulses inevitably express single-cycle nature and may allow non-sinusoidal field synthesis.
We have extended the molecular modulation method to Raman-active crystals, which has the potential of generating fewer ultrashort pulses per train. Controlling the phases of the Raman sidebands is an essential step in synthesizing ultrashort pulses. Here we show a step by step procedure to optimize the phase of a ``holey" spectrum [1] . The spectrum is comb-like but each comb line (Raman sideband) has a broad bandwidth. We also show precise phase control of a broadband coherent Raman spectral comb [2] .
Combination of manual and computer controlled pulse shaping is an essential ingredient in our work. Overall, we use 4 steps to optimize the phases of the sidebands: 1) overcome the limited pulse shaping bandwidth and limited temporal pulse shaping window of the pulse shaper by pre-compensating the delays among the sidebands by adding different amounts of glass in each sideband beam path. 2) compensate the second order phase distortion of each sideband. 3) overlap all 5 sidebands in time, and 4) adjust the relative phases of the sidebands by using the coherent beating between the SFG of the A n-1 and AS n+1 and the SHG of AS n (with n being the sideband order). A flat phase across the spectrum of the five sidebands is thus achieved, which is sufficient to produce Fourier-transform-limited (FTL) pulses.
To verify that we have achieved the flat spectral phase and to show that we can fully control the sideband phases, we record the SHG/SFG spectrum after the BBO crystal as we vary AS2 phase for two cases: (a) all 5 sidebands are in phase and (b) AS3 is π out of phase with the other 4 sidebands at the beginning of the scan when ϕ 2 =0. The results are shown in Fig. 1 . When AS3 is π radians out of phase with the rest of 4 sidebands, at multiple integers of 2 π positions the π phase shift of AS3 leads to an interchange in the positions of the peaks and nulls in the intensities of the subband C D and F as we vary AS2 phase, as shown in Fig. 1 (bottom) . In conclusion, we show our capability to control spectral phases of Raman sidebands in a precise and stable manner. Our setup allows for both coarse, manual phase adjustments and fine-tuning of the spectral phases. A flat spectral phase across these 5 frequency-separated sub-bands is achieved, which implies generation of 2 to 3 optical-cycle pulses.
